Because they coherently link radio/microwaverate electrical signals with optical-rate signals derived from lasers and atomic transitions, frequency combs are having a remarkably broad impact on science and technology. Integrating these systems on a photonic chip would revolutionize instrumentation, time keeping, spectroscopy, navigation and potentially create new mass-market applications. A key element of such a system-on-a-chip will be a mode-locked comb that can be self-referenced. The recent demonstration of soliton pulses from a microresonator has placed this goal within reach. However, to provide the requisite link between microwave and optical rate signals soliton generation must occur within the bandwidth of electronic devices. So far this is possible in crytalline devices, but not chip-based devices. Here, a monolithic comb that generates electronic-rate soliton pulses is demonstrated.
Because they coherently link radio/microwaverate electrical signals with optical-rate signals derived from lasers and atomic transitions, frequency combs are having a remarkably broad impact on science and technology. Integrating these systems on a photonic chip would revolutionize instrumentation, time keeping, spectroscopy, navigation and potentially create new mass-market applications. A key element of such a system-on-a-chip will be a mode-locked comb that can be self-referenced. The recent demonstration of soliton pulses from a microresonator has placed this goal within reach. However, to provide the requisite link between microwave and optical rate signals soliton generation must occur within the bandwidth of electronic devices. So far this is possible in crytalline devices, but not chip-based devices. Here, a monolithic comb that generates electronic-rate soliton pulses is demonstrated.
The self-referenced optical frequency comb is revolutionizing a wide range of subjects spanning spectroscopy to time standards 1-9 . Since their invention, a miniaturized approach to the formation of a comb of optical frequencies has been proposed in high-Q microresonators 10, 11 . These microcombs or Kerr combs have been demonstrated in several material systems [12] [13] [14] [15] , including certain planar systems suitable for monolithic integration [16] [17] [18] [19] [20] . They have been applied in demonstrations of microwave generation 12 , waveform synthesis 18 , optical atomic clocks 21 and coherent communications 22 . Microcombs were initially realized through a process of cascaded four-wave mixing 10 driven by parametric oscillation 23, 24 . However, a recent advance has been the demonstration of mode locking through formation of dissipative solitons 25, 26 . While initial work on microcombs demonstrated phase-locked states 19, [27] [28] [29] [30] including pulse generation 31 , solitons are both phase locked and, being pulses, can be readily broadened spectrally 25 . Moreover, resonator dispersion can be engineered so as to create coherent dispersive waves that further broaden the soliton comb spectrum within the resonator 26, 32 . Dissipative solitons balance dispersion with the Kerr nonlinearity while also balancing optical loss with parametric gain from the Kerr nonlinearity 25, 33 . They have been observed in fiber resonator systems 34 . In microresonators, dissipative solitons have been observed in fluoride-based 25, 35 and in silicon-nitride based microresonator systems 26 . Crystalline system generated solitons have also been externally broadened to 2/3 of an octave enabling detection of the comb offset frequency 36 . In this work, soliton mode locking in silica is reported using an ultra-high-Q silicaon-silicon wedge resonator. Moreover, the soliton repetition rate is readily detectable with commercial photodetectors. The ability to generate solitons on a chip at rates commensurate with detectors and electronics is an essential step in the ultimate goal of a fully-integrated comb system. Microfabrication also provides a high level of control of both soliton repetition rate and soliton mode family dispersion.
Silica wedge resonators were fabricated using floatzone silicon wafers 37 . The devices exhibit a nearly constant finesse over a wide range of diameters and have previously been applied for comb generation at free-spectralrange (F SR) values from 2.6 GHz to 220 GHz, including the formation of stable phase-locked comb states 19, 21 . In the present work, 3 mm diameter devices with an F SR of 22 GHz were prepared and intrinsic Q factors were characterized by linewidth measurement to lie near 400 million. To both characterize the soliton tuning range (see discussion below) and to provide a separate test of the Q factor, the threshold for parametric oscillation was measured and compared to theory 19, 23 ,
where A eff ∼ 30 µm 2 is the effective mode area, n is refraction index, n 2 is the Kerr coefficient, D 1 is the F SR in rad/s units, η = Q/Q ext characterizes the waveguide to resonator loading where Q ext is the external or coupling Q-factor and Q is the total Q factor (intrinsic loss and loading included), and ω o is the optical frequency. Measurements of threshold power slightly larger than 1 mW were consistent with the measured Q factors.
The mode family that is phase locked to form the soliton train of pulses must feature anomalous dispersion 23 and also minimal distortion of the dispersion caused by other mode families within the resonator 38 . The first of these requirements is straightforward in silica wedge resonators when operated in the 1.5 micron band 39 . However, the second requirement is more complicated as wedge resonators feature many transverse mode families. Minimizing avoided-crossing behavior is achieved by screening wedge disks to find combinations of diameter and wedge angle that produce avoided-crossing-free spectral regions. In addition, it is observed that high-Q-factor mode families are generally more immune to avoided-crossing distortion. A schematic of the experi- 
FIG. 1:
Experiment setup, soliton mode-family dispersion, optical spectrum, autocorrelation and pulse-broadening spectrum. a, Experimental setup. A continuous-wave fiber laser is amplified by an erbiumdoped fiber amplifier (EDFA). The laser frequency is separately monitored using a fiber Mach-Zhender interferometer (not shown). To achieve "power kicking" the laser is modulated by an acousto-optic modulator (AOM). The laser is coupled to a high-Q wedge resonator using a fiber taper. The power transmission and RF beatnote are detected by photodetectors (PD) and sent to an oscilloscope and electrical spectrum analyzer (ESA). Soliton optical spectra are measured using an optical spectrum analyzer (OSA). A dispersion compensation unit (DCU) is employed before solitons are amplified for FROG measurement and spectral broadening. Polarization controllers, optical isolators, and optical Bragg filters are not shown. b, Frequency dispersion of the modes belonging to the soliton-forming mode family is plotted versus relative mode number. To construct this plot, mode frequency relative to a µ = 0 mode (mode to be pumped) is first measured using a calibrated Mach-Zehnder interferometer (fiber optic based). To second order in the mode number the mode frequency is given by the Taylor expansion
, and the red curve is a fit using parameters given in the inset. In the plot, the mode frequencies are offset by the linear term in the Taylor expansion to make clear the second-order group dispersion. The measured modes span wavelengths from 1520 nm to 1580 nm and µ = 0 corresponds to a wavelength close to 1550 nm. Non-soliton forming mode families have been removed in the data, however, their presence can be seen through perturbations to the parabolic shape. c, Optical spectrum of single soliton state with a sech 2 envelope (red dashed line) superimposed for comparison. The pump laser is suppressed by 20 dB with an optical Bragg filter. d, FROG (upper) and autocorrelation trace (lower) of the soliton state in c. The optical pulse period is 46 ps and the fitted pulse width is 250 fs (red solid line). e In red: optical spectrum of the soliton pulse train after amplification using an erbium fiber amplifier and nonlinear broadening using a section of highly nonlinear fiber. Correction of dispersion in the amplifier was accomplished using a waveshaper. In blue: the unbroadened spectrum immediately after amplification has been shifted vertically for clarity. Its spectral shape is modified by the amplifier relative to the original soliton spectrum. mental characterization setup is provided in figure 1a . To measure both mode family dispersion and avoided mode crossing behavior, mode frequencies were measured using a tunable laser that was calibrated with a fiber MachZehnder interferometer. A measurement taken on a typical mode family used to produce solitons is presented in figure 1b . A parabolic fit to the data featuring an anomalous dispersion of 17 kHz/F SR is provided for comparison to the data. Other mode families have been removed from the spectrum for clarity, however, two avoided mode crossings are apparent in the spectrum.
Modes belonging to families featuring both anomalous dispersion and well-behaved spectra (i.e., few avoided crossings) were then pumped using a scanning fiber laser. Solitons form when the pump frequency is red detuned relative to an optical mode and give rise to characteristic steps in the pump power transmission versus tuning 25 . As has been described elsewhere, excitation of stable soliton trains is complicated by the thermal nonlinearity of the resonator 26 , which is well known to destabilize a red-detuned pump wave 40 . Fortuitously, solitons feature a power dependence with detuning of the pump wave that reverses this behavior and will stabilize the pump on the red-detuning side of the resonance once the non-soliton transients have died away. To induce stability a power kicking technique similar that described in reference 26 was employed. Both single and multiple soliton states were stably excited in different resonators. Figure 1c shows the spectrum measured for a single-soliton state. The square of a hyperbolic secant function is also overlaid onto the spectrum to verify the characteristic single-soliton spectral shape. From this fitting the soliton pulse width τ is inferred to be 130 fs where the pulse shape is sech 2 (t/τ ). The presence of small spurs in the spectrum of figure 1c correlate with the appearance of avoided crossings in the mode dispersion spectrum in figure 1b. The spectrum is slightly red-detuned relative to the pump wavelength. Displaced spectra can be produced by several mechanisms 41 including Raman selfshifting [42] [43] [44] and soliton recoil caused by dispersive wave generation 26 . However, there was no evidence of dispersive wave generation at shorter wavelengths in this work, and therefore Raman self-shifting is likely the cause of this red-detuning.
Direct confirmation of single-soliton generation is provided by Frequency-Resolved Optical Gating (FROG) and autocorrelation traces (see figure 1d) . In these measurements, the pump laser was suppressed by fiber Bragg filters and dispersion compensation of -1.5 ps/nm was applied using a programable optical filter before the comb was amplified by an Erbium-doped fiber amplifier (EDFA). A pulse width of 250 fs with a pulse period of 46 ps is inferred from this data. The measured pulse width is larger than that fitted from optical spectrum (130 fs) due to the limited wavelength bandwidth of the optical pre-amplifier used in this measurement. The single soliton pulses are suitable for spectral broadening. In figure 1e amplified pulses have been broadened using a nonlinear optical fiber to a spectral span of nearly 500 nm. Reducing soliton repetition rate and optimizing fiber dispersion can further increase the span. In all of these measurements, the soliton state was typically stable for several hours.
An important feature of the soliton states generated in this work is their detectable and stable repetition rate. Figure 2a contains phase noise spectra of the detected soliton fundamental repetition frequency measured using single solitons generated with three different resonators. The upper right inset to figure 2a is a typical, radio frequency spectrum of the fundamental repetition frequency. The repetition frequency can be seen to be 21.92 GHz (resolution bandwidth is 10 kHz) and has an excellent stability that is comparable to a good K-band microwave oscillator. For example, one of the devices measured has a phase noise level of -100 dBc/Hz at 10 kHz offset (referenced to a 10 GHz carrier frequency).
Finally, the ability to reproduce mode family dispersion characteristics in different resonators was investigated. Figure 2b and 2c give the results of mode family dispersion measurements and soliton optical spectra on two resonators that are close in size and shape to the device in figure 1. There is high level of consistency in the both the magnitude of the dispersion and also minimal presence of mode crossings in the measured spectra. However, it is important to note that even with this consistency, there were observable variations in the nature of soliton steps formed in scanning the resonators (see figure 2d) . Also, the microwave phase noise spectra in figure 2a were measured on soliton trains using these same three devices and also exhibit differences. Some of these variations could result from the other nonsoliton-forming mode families that produce slightly different avoided crossing features in each of the modal spectra.
The red-detuned location of soliton steps was confirmed using an open-loop Pound-Drever-Hall system. For steady-state soliton excitation this system was deactivated and it was not possible to directly infer the amount of pump detuning. However, the soliton pulse width τ is related to this detuning through the follow- ing approximate expression. This and subsequent expressions are valid for large normalized pump detuning 25, 45 .
where ω p (ω o ) is the pump (mode) frequency, κ = ω o /Q is the resonance linewidth, and
is the group velocity dispersion and is negative for anomalous dispersion. Using parameters inferred from the modal dispersion measurements and the pulse times obtained from optical spectra fitting a value of ξ o ∼ 50 is obtained (25 MHz in absolute frequency). This value is large enough to satisfy the approximation used in the derivation of eqn. (2). Also, the pump power, P in , values typically used in this experiment were in the range of 200 mW. At these levels the predicted maximum pump detuning for soliton existence 25, 45 is ξ max o = π 2 Pin 8P th ∼ 200. This much wider maximum allowable detuning is consistent with the observation of very stable soliton operation. As noted, solitons were typically stable for several hours without any temperature or laser tuning stabilization.
The generation of solitons at detectable repetition rates relies upon high resonator Q factor. Reduced soliton repetition rates are accompanied by increased mode volume, and therefore require greater pump powers to maintain nonlinear coupling of modes as is evident in eqn. (1) for parametric threshold 19 . The offsetting effect of Q on repetition frequency is also apparent in the expression for minimum pump power for soliton existence. This can be derived by setting ξ o = ξ max o and solving for power 25, 45 ,
For a fixed pulse duration τ (equivalently fixed comb bandwidth), the required input power is inversely proportional to repetition rate and Q factor (equal to finesse × optical frequency). A plot showing linear contours of predicted pumping power versus Q factor and repetition frequency (eqn. (3)) is provided in figure 3 . The plot assumes material parameters for silica and 130 fs soliton pulse width. It is important to realize that this value represents an absolute minimum. In practice a pumping level higher than this value is required for stable operation.
Besides pumping power another interesting parameter is the achievable maximum comb tooth power. The power spectral envelope for the single soliton state is given by 25, 45 ,
where ∆ω denotes the comb tooth frequency relative to the pump. Note that the peak power of the spectral envelope (i.e. maximum comb tooth power) is independent of the pumping power and determined entirely by the cavity properties. The maximum tooth power varies linearly with the repetition frequency and inversely with the cavity Q factor and has been represented by the color shading in figure 3 . The soliton nonlinear conversion efficiency has been described elsewhere 46 . The nearly constant finesse of the wedge resonator over a wide range of F SR values 19, 37 suggests that soliton repetition frequency can be widely varied at nearly constant pumping power. Accordingly, it should be possible to lower the soliton duty cycle in the present geometry by up to an order of magnitude. At a comparable average amplified power level, the peak soliton intensity would therefore increase ten-fold and the expected spectral broadening using nonlinear fiber would be much larger than observed here. Moreover, dispersion control methods have been demonstrated using a modification to the standard wedge resonator process 47 . These same methods might be applied to control dispersive wave generation within the resonator to achieve direct generation of a broader comb. Besides soliton generation, the silica wedge resonator platform has been used to generate ultra-narrow linewidth laser sources 48, 49 , high-Q reference cavities 50 and for continuum generation 51 . These elements are required in both self-referenced combs as well their application to clocks, high-stability microwave sources, and optical synthesizers. The results presented here therefore add to this suite of technologically compatible devices that can potentially create comb-based systems on a chip.
